INTRODUCTION
The archaea are a group of unusual prokaryotic cells which are clearly distinct from the other major grouping of prokaryotes, the bacteria (eubacteria), as well as from eucaryotic cells. This distinction was first recognized by Carl Woese in the 1970s from analysis of partial 16S rRNA sequence data. From this data, Woese and Fox (60) proposed that there were three evolutionary lines of descent: the urkingdoms representing the eubacteria and the eucaryotes and the third group, which was designated the archaebacteria. Later, new taxa called domains were proposed for the major divisions which were named Bacteria, Eucarya, and Archaea (61) . The archaeal domain features a host of unusual organisms, with the major groups being extreme halophiles, methanogens, and a variety of sulfur-dependent, thermophilic, and hyperthermophilic organisms.
Since the initial proposal of three lines of evolutionary descent, a wealth of biochemical and genetic information obtained on various archaea has supported the conclusions drawn from the 16S rRNA data. The archaea, while prokaryotic like the bacteria, are a distinct and coherent group. This is shown by 16S and 23S rRNA, gene, and protein sequences. It is shown by any of a number of other traits examined in members of the subgroupings of the archaea: for example, in their unusual membrane lipids, uniquely modified tRNAs, translation apparatus, and flagellins (14, 25, 62) . In many ways, especially in regards to genetic processes, archaea seem closer to eucaryotic cells. In a recent tabulation of molecular and metabolic features, seven features distinguished the archaea from the other two domains (62) . A further 14 features were shared by the archaea with one of the other domains: the archaea shared 12 features with the eucarya and 2 features with the bacteria.
Flagellation is widespread in both the bacteria and archaea. Flagellation occurs throughout all the main groupings of the Archaea: extreme halophiles, methanogens, various sulfur-dependent thermophiles and hyperthermophiles, and even in Thermoplasma species which lack a cell wall ( Fig. 1) . Of interest to archaeal researchers is the range of environmental conditions or niches where flagellated archaea are found: saturated salt solutions, strictly anaerobic environments, extremely low pH (pH Ͻ 2), and extremely high temperatures (Ͼ100ЊC). Examination of archaeal flagella may lead to answers to basic questions of protein structure, function, and interaction under such extremes of pH, temperature, and ionic strength.
Recent research on archaeal flagellins has revealed a number of unusual traits, such as the presence of short signal sequences, a sequence similarity to type IV pilins and not bacterial flagellins, and often posttranslational modifications such as glycosylation. Consequently, the assembly of archaeal flagella has been suggested to be novel and unlike that encountered in the bacterial domain. In this minireview, we will highlight the unusual properties of the flagella of archaea and present a speculative model for the assembly of this unique motility structure.
ULTRASTRUCTURE
Archaeal flagellar filaments have been shown to be sensitive to a variety of treatments, many used for isolation of basal body-hook-filament complexes from bacteria. Glycosylation of many archaeal flagellins appears to render the corresponding flagellar filaments sensitive to dissociation by Triton X-100 (18), a detergent often used to remove membranes in order to view basal bodies of bacterial flagella (12) . Electron microscopy of isolated archaeal flagella has not convincingly revealed any ring-like or other substructures in the basal body, as seen on bacterial flagella. Instead, knob-shaped structures have been noted on flagella isolated from methanogens and other archaea by phase separation with Triton X-114 or detergent treatment of envelope fragments (19, 30, 41) . It is unlikely, however, that these structures truly represent the entire basal body morphology; they probably represent only the portion resistant to detergent treatment.
It is difficult to predict the structure of archaeal basal bodies since the cell wall types are so distinct from bacterial walls. Kupper et al. (41) have recently demonstrated that the flagella of Halobacterium salinarium are anchored in a distinct polar cap. While these researchers could not determine if the polar cap was part of the wall or cytoplasmic membrane or located below the membrane, the structure is reminiscent of the polar membrane of Methanococcus voltae located below the cytoplasmic membrane (40) . This may suggest that archaea with relatively thin cell envelopes stabilize the insertion of flagella with sub-cytoplasmic membrane layers. Isolation of the nonglycosylated flagella of Methanococcus thermolithotrophicus by extraction with Triton X-100 has revealed basal body structures reportedly possessing two rings similar to gram-positive bacterial basal bodies (10) . Such well-defined archaeal basal body rings are, however, rarely reported.
Hook regions, which act as flexible couplers between the basal body and filament of bacterial flagella, are also poorly defined or absent in isolated archaeal flagella. Cruden et al. (10) did observe a thickening of the filament near the basal bodies of Methanospirillum hungatei and Methanococcus thermolithotrophicus flagella which they believe to be hook regions of variable length. Purified flagellar filaments from the archaea are distinctively more narrow (10 to 15 nm [15, 27] ) than the bacterial counterpart (generally around 20 nm [28] ). With a limited number of exceptions such as Sulfolobus shiba-tae flagella, in which distinct subunits can be distinguished by staining with uranyl acetate (15) , little substructural detail can be noted by electron microscopy of archaeal filaments. As well, the sinusoidal nature of the filaments often appears to be sensitive to the processes involved in negative staining for electron microscopy. This can be overcome by platinum shadowing of cell envelope fragments (9) .
While most bacterial flagella possess a left-handed helix (28) , Halobacterium halobium possesses flagella with a righthanded helix (1) . These cells appear to be propelled forward and backward by switching the direction of flagellar rotation between clockwise and counterclockwise (1) rather than by the running and tumbling behavior which is common for bacteria.
Whether this unusual handedness is characteristic of all archaeal filaments or limited to a few members is not known.
Filaments thinner than the 10 to 15 nm typical of archaeal flagella have been observed, under certain conditions, in flagellar preparations of Natronobacterium magadii (20) and Thermoplasma volcanium (15) . Fedorov et al. (20) termed these thin filaments of N. magadii protofilaments and suggested they were intermediates in the dissociation of flagellar filaments. This is likely to be the case with T. volcanium as well, since they appear in flagellar preparations upon long-term storage in mineral medium at low pH (15) . Filaments approximately half the diameter of flagella have been noted in Methanococcus voltae (40) and other methanogens (13) . These filaments have been assumed to be pili by comparison to the corresponding, thin bacterial appendage. Since no purification or other characterizations of these filaments have been described, it is possible that these structures are also protofilaments rather than pili and represent some stage in the assembly or degradation of archaeal flagella.
COMPOSITION OF FLAGELLA
To date, most archaeal flagella described are composed of multiple flagellins ( Table 1 ). The sole exception to this may be the flagella of Thermoplasma volcanium which appear, by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), to be composed of only one flagellin of 41 kDa (15) . This observation may, however, be due to multiple flagellins, each with the same migration position on SDS-polyacrylamide gels. Generally, the flagellins are not present in equal abundance in the filament (20, 32) . This may suggest that some flagellin species are minor components with specialized functions in assembly (see below). This finding is corroborated by analysis of the flagellin gene region in Methanococcus voltae in which the individual flagellin genes in the multigene family are either present on different transcriptional units with separate promoters or demonstrate an unusual codon usage (29) . This presumably represents a simple mechanism of genetic regula- tion ensuring that products needed only in small amounts are not overproduced. The requirement for all of the flagellin monomers and the distribution of the different flagellins within flagellar filaments of archaea have not been determined. Unlike bacterial flagellins, the flagellins of the archaea often appear to be glycosylated (Table 1) , with the glycosylation occurring outside the cytoplasmic membrane (54) . The nature of flagellin glycosylation has most clearly been shown for the flagellins of Halobacterium spp. which possess sulfated oligosaccharides (54) . It has been shown that chelation of Mg 2ϩ by EDTA inhibits the transfer of the sulfated oligosaccharides to the flagellins as a result of specific inhibition of the Mg 2ϩ -dependent oligosaccharyltransferase (54, 55) . Interestingly, this inhibition of glycosylation was shown to occur without EDTA entering the cell. Conversely, the glycosylated flagellins of Methanococcus deltae were not significantly affected by EDTA. However, treatment of growing M. deltae cells with bacitracin did result in flagellins with apparently reduced levels of glycosylation as detected by immunoblotting (8) . Bacitracin was also shown to inhibit the sulfated repeating unit saccharide of the Halobacterium S-layer by complexing prenyl diphosphate compounds, again without entering the cell (45) . By comparison to the halophile system, the predominant carbohydrate component of the flagellins of M. deltae is probably composed of a repeating unit saccharide involving a dolichol diphosphate carrier (8) . The extracellular location of glycosylation of flagellins is also supported by the finding of Lechner et al. (43) who were able to detect glycosylation of a hexapeptide possessing the classical carbohydrate consensus sequence (Asn-X-Thr/Ser) without the requirement for the hexapeptide entering the cell. These findings have important implications in any modeling of the assembly of archaeal flagella (discussed below).
It is possible that the commonly used carbohydrate stains are not sufficient for detecting carbohydrate on all archaeal flagellins. Indeed, although among members of the Methanococcales, only Methanococcus deltae is demonstrably glycosylated by thymol-sulfuric acid, the amino acid sequence derived from the Methanococcus voltae flagellin genes (29) reveals a number of classical carbohydrate attachment consensus sequences (Asn-X-Thr/Ser). Also, the flagellins isolated from flagellar filaments migrate to the positions of much larger proteins by SDS-PAGE than would be predicted by their primary sequences. In M. voltae mutants which are apparently blocked in the cleavage of the flagellin leader peptide, a band at approximately 20 kDa which is immuno-cross-reactive with antisera raised to the 31-kDa flagellin of M. voltae was detected (24) . This band, which migrates on SDS-polyacrylamide gels to a position approximately 10 kDa smaller than those of the flagellins from purified flagella, is suggestive of a posttranslational modification of the flagellins, such as glycosylation which results in the much higher apparent molecular masses of the flagellins isolated from flagella. Chemical deglycosylation of the flagellins of Methanococcus hungatei JF1 and H. halobium also yielded proteins approximately 10 kDa smaller than the native flagellins (42, 50) . This is also true for the flagellins of M. deltae upon inhibition of glycosylation with bacitracin (8) . Besides glycosylation, an alkaline-labile modification to the 36-kDa flagellin of H. halobium has also been described (42) .
Although the function of glycosylation of archaeal flagella has not been elucidated, it is possible that glycosylation plays a role in subunit interaction in the assembled product. It has been shown that Methanococcus deltae grown in the presence of 100 g of bacitracin per ml no longer appears to possess fully glycosylated flagellins. This correlated with a loss of flagella as observed by electron microscopy (8) , suggesting that a minimum amount of glycosylation of the flagellins is required for proper assembly of the flagellum. The absence of flagella is not due to dissociation of the filaments by the possible detergent effect of bacitracin (6) but, rather, appears to be due to the inhibition of glycosylation. In addition, flagella from a flagellum-overproducing mutant of H. halobium (M175) were shown to consist of three flagellin proteins when examined by SDS-PAGE (C I, 23.5 kDa; C II, 26.5 kDa; and C III, 31.5 kDa [59] ). The SDS-PAGE profile was similar to that of the parent strain, although the entire set migrated faster (59) . This is suggestive of hypoglycosylated flagellins. These researchers proposed that this was due to the loss of at least one glycosylation site in the mutant polypeptides; however, the fact that at least three flagellins appear less glycosylated implies the loss of a common factor such as an enzyme responsible for glycosylation. This flagellum-overproducing mutant has increased levels of flagella in the supernatant (in the form of superflagella), suggesting that glycosylation is necessary for correct incorporation of the flagella into the halobacterial cell envelope (59) . These observations suggesting a requirement for glycosylation fail to explain why some archaea possess glycosylated flagellins while other species, even highly related species, apparently do not.
PRIMARY SEQUENCE
To date, 22 N-terminal sequences of archaeal flagellins from 10 different organisms have been reported. In several other organisms, such as H. halobium (22) , Natronobacterium pharaonis and N. magadii (48) , and Methanothermus fervidus (16) , attempts to obtain the N-terminal sequences of the flagellins were unsuccessful, indicating the proteins were likely blocked. The available sequences include ones from members of both the Crenarchaeota and Euryarchaeota and include mesophiles and hyperthermophiles. Because of the high conservation of sequence, it is possible to formulate a consensus sequence for archaeal flagellins for amino acid positions 3 to 23 ( Fig. 2 [15] ). Over this stretch of 21 amino acids, six positions are invariant in all flagellin sequences. Another 10 positions have one of only two different amino acids, while in the remaining 5 positions, one of only three amino acid choices are found. This conservation of sequence among diverse members of the archaea inhabiting very different and extreme environments implies that this sequence has an important role to play in the assembly and/or function of the flagella.
The first flagellin genes sequenced from an archaeon were the gene families of H. halobium and were the first data that the flagellar system of the archaea may be unique, since these flagellins had no sequence homology to bacterial flagellins. Two transcriptional units, one unit encoding two tandem The five genes all encoded proteins of 193 to 196 amino acids, with large stretches of the sequences found to be highly conserved in all five flagellins, including the N-terminal 70 amino acids. Three short variable regions centered around residues 80, 120, and 155 were found interspersed among the highly conserved sequences. Three N-glycosylation sites (Asn-X-Thr/Ser) were found in each of the flagellins, including one immediately to the C-terminal side of each of the first and second variable regions of the proteins. Importantly, the N terminus of flagellin Fla I of the superflagella (molecular mass of 23.5 kDa) was resistant to Edman degradation (22) so that the presence of any leader peptide could not be determined.
Northern (RNA) blot analysis indicated that all five flagellin genes were transcribed. By using specific probes, two transcripts of 1,300 and 1,900 nucleotides were detected. The 1,900-nucleotide mRNA was shown to bind to a flgB2 probe, indicating that the other mRNA is the flgA transcript and that both mRNAs are polycistronic. The size of each transcript indicates that they encode the flagellin genes but probably not any further genes.
The second archaeal flagellin gene family was cloned and sequenced from the mesophilic methanogen Methanococcus voltae (29) and later precisely located on the physical map of M. voltae (7). Significant differences in the methanogen gene family were observed compared with the case with the extreme halophile.
Two transcription units were determined, one encoding a single flagellin (flaA) and the second encoding a multicistronic transcriptional unit encoding three flagellins (flaB1, flaB2, and flaB3). The predicted flagellins were slightly larger than the halophile flagellins at 216 to 239 amino acids. All have potential N-glycosylation sites, ranging in number from 2 to 6, like those found in H. halobium. The four flagellins do not show as much conservation in sequence as the halophile flagellins. However, as with the halophiles, there is a very strong conservation of sequence for the N-terminal 70 amino acids. Comparison of the gene sequence with the N-terminal sequence of the purified flagellins revealed the unusual presence of a short 12-amino-acid signal sequence, a situation never encountered in bacterial flagellins (29) . Interestingly, a comparison of the halophile and methanogen sequences shows that the sequences of the flagellins of the two archaea are highly conserved over the amino acid stretch from positions 12 to 59, but there is little identity of the sequences after that. Since the first 12 amino acids represent the leader peptide found in Methanococcus voltae and also likely in H. halobium (31) , this means that the amino acid sequence of the mature proteins of the two archaea are very similar over the N-terminal 50 amino acids. This high conservation of sequence in two archaea that inhabit very different niches (strictly anaerobic marine sediment and aerobic concentrated salt solutions) implies that the N-terminal quarter of the molecule has an important role in the assembly and/or function of the flagella. Interestingly, the demonstrated leader peptide of the M. voltae flagellins and the predicted leader peptide of the halophile are the same unusual short length, although the sequences of the two are quite distinct.
Northern blotting experiments failed to detect a transcript for flaA, although primer extension experiments indicate it is transcribed at a very low level. The three other flagellins are part of a large polycistronic message which seems to encode the flagellins as well as a number of downstream genes. This large transcript appears to be processed to a 1,500-nucleotide transcript which codes for only the flaB1 and flaB2 genes. The intergenic region between flaB2 and flaB3 contains a hairpin loop which may be involved in the stability of the flaB1-flaB2 transcript.
Hydrophobicity profiles of the flagellins from Methanococcus voltae or H. halobium are very similar to each other and to type IV pilins but very unlike bacterial flagellins: the main feature is a very hydrophobic N terminus which may represent a contact site for flagellin-flagellin interactions.
The very conserved nature of the N-terminal amino acid sequence in both the cloned genes of Methanococcus voltae and H. halobium, as well as the N termini determined for many other archaeal flagellins, taken together with the fact that tandem genes were found in the only two archaea studied indicated that it might be possible to clone other archaeal flagellin genes by PCR with divergent primers complementary to the N-terminal amino acid sequence only. This PCR-based strategy has proven successful in cloning flagellin genes of Methanococcus vannielii (26) .
An oligonucleotide probe complementary to the coding region for the N termini of the Methanococcus voltae flagellins also hybridized to restriction enzyme-digested DNAs from all Methanococcus spp. tested (M. deltae, M. maripaludis, M. vannielii, and M. jannaschii [32] ). Generally, multiple signals were obtained. These data indicate the conserved nature of the N termini of the flagellin genes and the probable widespread occurrence of multiple flagellins throughout the archaea. Recently, it has been shown that the cloned flg genes of Halobacterium halobium bind specifically to the DNA of Natronobacterium pharaonis and may be used for a probe to clone the flagellin genes of this haloalkaliphile (48) .
MUTANT STUDIES
By using an integration vector carrying an internal portion of the FlaA flagellin gene generated by PCR, Methanococcus voltae protoplasts were transformed, and a number of transformants which had insertions in either the flaA or flaB2 gene were obtained (24) . These mutants were examined thoroughly for defects in flagellation and motility. Insertions into flaA appeared to have little effect on flagellation. Electron microscopic examination of all the flaA mutants indicated that they possessed flagella of a number and appearance similar to those of the wild type. Examination of motility with semiswarm agar plates, however, indicated that the flaA mutants, although motile, were definitely less so than the wild-type cells. This indicates that the flaA gene product has a minor role in motility in M. voltae and that while the cells are flagellated and motile without the gene product, it is required for wild-type levels of motility. This would suggest that the four flagellins are not simply interchangeable entities and argues for a specialized role for flaA in the assembly or function of flagella. Western blotting (immunoblotting) experiments using antisera raised against the purified 31-kDa flagellin of M. voltae (which crossreacts with the 33-kDa flagellin) indicated that the patterns obtained with the flaA mutants were identical to that of the wild type. In the wild type and flaA mutants, there are three cross-reactive bands: the 33-and 31-kDa flagellin bands and a third band at approximately 18 kDa. We believe that this 18-kDa band represents flagellin that has had its leader peptide cleaved but which has not yet had posttranslational modifica-tions of an undetermined nature which changes its apparent molecular mass.
The case of the flaB2 mutant is more intriguing. This mutant lacks flagella and is the sole flagellum-minus strain to be isolated in any archaeon. As expected, it is nonmotile in the semiswarm agar plate. It also shows for the first time a correlation between the presence of the thin flagellar filaments and motility. Western blotting experiments demonstrated that the flaB2 mutant lacked the 33-, 31-, and 18-kDa cross-reactive bands found in the wild type but had a unique band which migrated slightly slower on SDS-polyacrylamide gels than the 18-kDa band. Since integration of the insertional vector has a polar effect, this 20-kDa band is likely the flaB1 flagellin which still has its attached leader peptide and lacks any further posttranslational modifications. This would indicate that the leader peptidase for the flagellin system lies downstream of the flaB2 gene in the same multicistronic transcriptional unit.
STRUCTURE AND STABILITY
Investigation of the stability of flagella from methanogens and halophiles showed that they are resistant to protease treatment in their native form and are more stable at high temperatures than typical bacterial flagella (19, 20) . It was found that flagella of halophilic archaea dissociate into their component flagellins in the absence of NaCl (2). These researchers reported that reassembly of the H. halobium flagella may be obtained when a solution of the monomeric form of the flagellins at low concentration is dialyzed against their natural 4 M NaCl medium. However, natronobacterial flagellins do not reassemble into filaments after transfer from low to high salt conditions (20) .
Dissociation and reassembly of flagella from the haloalkaliphilic archaea N. magadii and N. pharaonis were studied under different salt conditions (20, 46) . Intermediate polymeric structures called protofilaments were observed during dissociation. It was shown that the more-hydrophilic C-terminal part of archaeal flagellins does not participate in the formation of subunit-subunit interactions in protofilaments because its cleavage during proteolysis does not lead to destruction of the polymer structure (47) .
Changes occurring in flagellin structure during flagellum dissociation were studied by scanning microcalorimetry and circular dichroism (39, 56) . The melting of flagella from halophilic archaea in the microcalorimeter showed that a decrease of the NaCl concentration resulted in a decrease of the temperature of the heat absorption maximum. Upon melting of flagella in the absence of NaCl, a heat absorption peak was not observed, indicating the absence of a cooperatively melted structure. Samples of flagella were examined by electron microscopy before melting, immediately after the heat absorption peak and after heating up to 130ЊC. In all the H. halobium flagellar preparations containing salt, flagellar filaments were preserved in spite of irreversible denaturation disclosed by microcalorimetry. However, the flagella lost their resistance to proteases (56) . Similar results were obtained for natronobacterial flagella, though they were less stable to decreasing salt concentration (39) . These data showed that intersubunit bonds are so stable that denaturation of flagellins occurs before dissociation of flagella. After dissociation, irreversibly denatured and aggregated flagellins are obtained in preparations, and it is impossible to use them for reassembly experiments.
Melting of H. halobium flagella showed only one peak of heat absorption: consequently, all five subunits of these flagella have identical thermodynamic properties (56) . Comparison of data obtained by microcalorimetry and circular dichroism showed that cooperative melting of flagella corresponded to changes not only in the tertiary structure but in the secondary structure as well. Any domain whose melting had no influence on flagellum dissociation could not be responsible for polymerization properties of flagellum subunits. From the calorimetric data, it was concluded that the cooperatively melting part of H. halobium flagellins coincides with the whole molecule; therefore, only a small part of a flagellin molecule should be responsible for the polymerization properties. Thus, calorimetric data confirm the supposition that the conserved N terminus of archaeal flagellins may be the part responsible for polymerization.
Secondary structures of archaeal flagellum subunits were predicted from known primary sequences (56) . Conserved N termini of all subunits formed two ␣-helices, one completely hydrophobic. Another part of the flagellins, according to the prediction, likely represents a ␤-structural domain. It was suggested that a cooperatively melting domain does not take part in flagellin polymerization directly but participates in stabilization of flagellar polymeric structure by protecting hydrophobic N-terminal ␣-helices from contact with the environment.
Besides heating and decreasing salt concentration, it is possible to dissociate archaeal flagella by different nonionic detergents such as the Triton and Tween series (19) . Dissociation of natronobacterial flagella by Triton X-100 was investigated in more detail (38, 39) . There were no polymeric structures and aggregates in flagellar preparations containing Triton X-100, because this detergent destroyed hydrophobic interactions between subunits but calorimetric measurements showed peaks of absorbance. Therefore, it is possible to dissociate flagella without denaturation and aggregation by using a detergent which shields hydrophobic surfaces. These preparations may be suitable starting material for reassembly studies.
Thus, hydrophobic regions of archaeal flagellins form extremely stable intersubunit bonds in polymers and cause nonspecific aggregation of monomeric flagellins. It was suggested that chaperones have to be present in cells to prevent the aggregation of newly synthesized flagellins (38) .
MODEL FOR ASSEMBLY
It is known that bacterial flagellin assembly in vivo occurs at the distal tip of the flagellar filament and that flagellins do not need chaperone assistance to assemble in vitro (28) . In the bacterial model, flagellins and related flagellar proteins, such as those for the rod and hook and hook-associated proteins, travel through the hollow basal body-hook-filament before assembling at the distal tip of the structure.
The assembly process for archaeal flagella has not been determined, but it seems unlikely that the process will bear much similarity to the assembly of bacterial flagella. The two processes are thought to be dissimilar because of the following findings. First, archaeal flagellins have leader peptides, while bacterial flagellins do not. This suggests that archaeal flagellins are transported across the cytoplasmic membrane rather than up through the hollow growing organelle. Second, the glycosylation of halobacterial flagellins occurs outside the cytoplasmic membrane (54) . It is very difficult to reconcile this in an assembly mechanism where the flagellins leave the internal cytoplasmic milieu and travel through the hollow interior of the basal body-hook-filament and exit only at the tip of the growing filament. Third, the primary sequences of archaeal flagellins are homologous to each other but not to bacterial flagellins (17) . There is sequence similarity in the N termini of the archaeal flagellins, however, and type IV pilins. This is an intriguing finding, since pili grow from the base and not the tip, VOL. 178, 1996 MINIREVIEW 5061 and type IV pili, which are anchored in the cytoplasmic membrane, have been shown to mediate a type of translocation, apparently signal transduction mediated (11), called twitching motility, which is likely their real function and not adhesion (44) . The roles of some of the multiple flagellins observed in archaeal flagella are likely to be specific. This is surmised from the fact that in purified flagellar preparations the stoichiometry of the multiple bands is not 1:1. In addition to the major filament protein, the other flagellins may have roles as an anchor, as adaptor proteins akin to hook-associated proteins in bacterial flagella, or as initiators or terminators of flagellar filament assembly. Alternatively, some of the downstream genes in the Methanococcus voltae multitranscriptional unit (6) , which appear to be archaeon-specific, motility-related proteins, may provide functions similar to those observed in the type IV pilus system. In the type IV pilus system, most of the ancillary proteins are believed to be involved in forming some sort of basal complex similar to that for protein secretion (44) . These proteins are expressed at low levels compared with that of the structural pilin subunit. We have identified a number of putative genes downstream of the flagellins that appear to be expressed at low levels (6) . Perhaps these gene products may form a similar complex for archaeal flagella.
From the data available it is possible to speculate on an assembly mechanism for the archaeal flagellum (Fig. 3) .
Step 1. Immediately after translation, the proflagellins, with attached leader peptides, interact with cytoplasmic chaperones to form an intermediate that prevents the nonspecific aggregation of flagellins via their very hydrophobic N-terminal region. Evidence for this step is that cytoplasmic, ATP-dependent flagellin-binding proteins have been isolated from both methanogens (36) and halophiles (37) .
Step 2. The flagellin leader peptide is used to get these intermediates to the place of translocation at the inner surface of the cytoplasmic membrane in the vicinity of the polar cap structure. Evidence for this step is the demonstration of leader peptides in Methanococcus voltae, electron microscopy observations that document polar-membrane-like structures in numerous motile archaea (e.g., M. voltae [27] , Thermococcus stetteri [23] , and H. salinarium [4] ), and the isolation of the polar cap structure with attached flagella in H. salinarium (41) .
Step 3. Here the leader peptidase cleaves the proflagellin, and the hydrophobic N terminus is used in transporting the flagellin across the cytoplasmic membrane. This could be in a sec-dependent manner, since a secY homolog has been found in Methanococcus vannielii (3).
Step 4. Subunits incorporate into the growing filament at the base in the cytoplasmic membrane situated above the polar cap. Termination of filament growth may occur by incorporation of a minor flagellin species (perhaps FlaB3 in the case of Methanococcus voltae). The anchoring mechanism may be provided by incorporation of other minor subunits which polymerize inward toward the polar cap, possibly because these subunits do not possess a leader peptide and hence cannot cross the cytoplasmic membrane. Since glycosylation of flagellins occurs outside the cytoplasm, the processes of glycosylation and then incorporation likely occur closely spaced temporally. Glycosylation may be accomplished by a dedicated glycosylase or perhaps even by a bifunctional proflagellin peptidase. A single bifunctional enzyme catalyzes both leader peptide cleavage and N methylation of proteins belonging to the type IV pilin family (53) . Another intriguing option is that the glycosylation of the flagellins occurs after their incorporation into the filament. The results of chromatographic separation of H. halobium flagellins prepared after cell growth in standard medium with or without sulfate demonstrate that, in addition to glycosylated subunits, flagella also contain small quantities of nonglycosylated flagellins (57) . It was shown that the cell-distal part of the flagella contains more heavily glycosylated flagellins than the cell-proximal region. From the analysis of the data of the chromatographic separations of the flagellins, it was concluded that a minimum quantity of one of the five subunits was present in the flagella and only in the nonglycosylated form. It was suggested that this subunit is present on the proximal end of the filament and terminates its growth. Unfortunately, polarity of growth experiments have yet to be reported for archaeal flagellar filaments.
It should be noted as well that while many motile archaea have a very simple wall structure featuring only an S-layer overlying a cytoplasmic membrane, three-dimensional reconstructions have indicated that the equivalent of a periplasmic space may lie between the membrane and the outer canopy of the S-layer (5). Proteins responsible for flagellar assembly may be located in this space as well.
CONCLUDING REMARKS
Study of the structure, biochemistry, assembly, and genetics of the bacterial flagellum, as well as the associated processes of motility and chemotaxis, has provided a wealth of information about the prokaryotic cell and how it accomplishes certain tasks. Signal transduction in chemotaxis has been used as a model for neurobiology. Studies of the coordination of flagellar gene expression with flagellar assembly have revealed ingenious ways by which the prokaryotic cell has dealt with problems in subcellular morphogenesis and the technical difficulties inherent in the assembly of such a complicated structure, most of which lies outside the cytoplasmic membrane. These studies have revealed a flagellum-specific export pathway to deliver flagellar structural components outside the cell without the aid of a leader peptide, the use of alternate sigma factors and an anti-sigma factor to regulate gene expression, the complex and efficient hierarchical control mechanism for the flagellum-related operons, and the conversion of electrochemical energy to flagellar rotation. Some of the mechanisms used by bacterial cells to solve problems in flagellar assembly provide new paradigms for cellular morphogenesis (49) . On the other hand, the archaea are so poorly studied from any of these perspectives that continued study of archaeal flagellum assembly, movement, and chemotaxis will necessarily reveal mechanisms by which these cells have addressed these similar problems. Because of the often extreme environments inhabited by many archaea, the solutions to these problems may be unique to the biological world. The demonstrated relationship between bacterial type IV pilins and archaeal flagellins raises interesting questions about the evolutionary origin of motility systems in procaryotic cells.
